Abstract -Mitochondrial-like DNA (numt) has been found in a variety of insect species. In this work, our objective was to create a phylogeographic hypothesis of Melipona capixaba based on the complete COI sequence. However, several inconsistencies were found, such as 1-2-bp-long indels and a stop codon within the putative amino acid sequences. This led us to infer that M. capixaba has numts. A phylogenetic analysis which included COI sequences of several species of Melipona Illiger, 1806 revealed that numts are also common among other species of the genus. Based on our results, we have proposed a checklist to help to identify the most conspicuous numts; however, it does not ensure that all numts will be identified, since not all numts present explicit signals. Therefore, we recommend taking the maximum care in phylogeographic and phylogenetic analysis within Melipona as well as Hymenoptera, since several evidences of numts were found within this order.
INTRODUCTION
Molecular characters are the first choice of researchers who study the distribution patterns of genetic diversity in a given taxon. In studies of animal species, most researchers prefer to use mitochondrial DNA (mtDNA) because of certain properties of this genome, including maternal transmission, a high substitution rate, and in most cases the absence of intramolecular genetic recombination (Avise 2009; Emerson and Hewitt 2005) .
On the other hand, nuclear sequences present some problems, such as several copies (paralogs) and pseudogenes, either of which can compromise the results. However, many studies have shown that the use of mtDNA sequences can also be compromised by the existence of pseudogenes; in this case, non-translated and non-transcribed DNA regions which were transferred from the mitochondrial to nuclear genome (numts), (Lopez et al. 1994; Hazkani-Covo et al. 2010 ) during the evolutionary process (Gaziev Electronic supplementary material The online version of this article (doi:10.1007/s13592-012-0122-4) contains supplementary material, which is available to authorized users.
and Shaikhaev 2010; Hazkani-Covo et al. 2010) . The primers used to amplify mitochondrial targets may also amplify numts (Bensasson et al. 2001) , which can lead to erroneous interpretations because different evolutionary constraints act on functional mitochondrial sequences than nonfunctional nuclear sequences (Sorenson and Quinn 1998; Buhay 2009 ).
Numt sequences were found in diverse groups of organisms including arthropods, fungi, plants, protozoa, and vertebrates (for details see Bensasson et al. 2001; Richly and Leister 2004; Hazkani-Covo et al. 2010) . The complete genomes of several insect species have been sequenced, and numt content has been analyzed for some of them, including Anopheles gambiae (Richly and Leister 2004) , Aedes aegypti (Black and Bernhardt 2009; Haling et al. 2009; Behura et al. 2011) , Culex quinquefasciatus (Behura et al. 2011) , Drosophila melanogaster (Richly and Leister 2004) , Tribolium castaneum (Pamilo et al. 2007 ), Nasonia vitripennis (Viljakainen et al. 2010) , and Apis mellifera (Behura 2007; Pamilo et al. 2007 ). Among these species, A. gambiae appears to have no numts, and D. melanogaster contains only a few numt sequences in its entire genome (Richly and Leister 2004) , whereas other insects contain hundreds of numt sequences. For example, A. mellifera has the largest proportion of numt sequences (Behura 2007; Pamilo et al. 2007 ) among all metazoa. Numts have also been reported for insect species whose genomes have not been sequenced, such as grasshoppers (Bensasson et al. 2000; Moulton et al. 2010; Berthier et al. 2011 ) and ants (Martins et al. 2007) .
In this paper, our initial goal was to use an mtDNA gene, cytochrome oxidase subunit I (COI), to study the genetic variability in Melipona capixaba Moure and Camargo (1994) (Hymenoptera: Apidae: Meliponini) using a phylogeographic approach. This species, endemic to the Atlantic Rainforest, is restricted to high-altitude areas in Espírito Santo State, Brazil. However, we found several inconsistencies in our results, which led us to consider the existence of numts in M. capixaba. To our knowledge, there are no descriptions of numts for Meliponini species. Thus, our new goals were (1) to look for analytical evidence that these inconsistencies are due to the amplification of nuclear copies of COI paralogues (numts) in Melipona species, and (2) to detect how common these numts are within Melipona and their presumed effects on phylogenetic studies.
MATERIALS AND METHODS
We sampled 74 M. capixaba individuals from seven localities of Espírito Santo State, Brazil. We extracted their DNA and sequenced their complete mitochondrial COI, which is the most commonly used marker for performing phylogeographic studies of insects (Tanaka et al. 2001; Bell et al. 2007; Lohman et al. 2008; Solomon et al. 2008; BatalhaFilho et al. 2010; Berger et al. 2010; Resende et al. 2010) . In order to generate two overlapping fragments (initial and final portions) and to ensure the proper sequencing of the whole COI sequence, we used two primer pairs (Batalha-Filho et al. 2010) , Table S1 , based on the complete mitochondrial genome of Melipona bicolor (NC_004529.1), positions 1,571-3,130 (Figure 1) .
However, in 72 of 74 samples, the resulting fragments (initial and final) did not truly overlap, because within the putative overlap region (positions 2,178-2,455, Figure 1 ) several nucleotide substitutions prevented the formation of contigs between the sequences of an individual. In addition, when we tried to translate these fragments, we found a stop codon within the putative amino acid sequences of the final fragment (except for sequence JN315123). Also, most of these sequences contain 1-or 2-bp indels. We therefore analyzed the initial and final portion of COI separately, and our preliminary data analyses (not shown) yielded completely different phylogenetic results. Since we could not identify any evidence of numts in the initial portion of the COI (positions 1,388-2,455), we chose to report only our results regarding the final portion of the COI (primers COX2-COX4, positions 2,178-3,130- Figure 1 ).
2.1. DNA preparation, amplification, purification, cloning, and sequencing Total DNA was isolated from each adult using a modified phenol-chloroform protocol (FernandesSalomão et al. 2005) . A 1,050-bp fragment of the final portion of the COI gene plus the tRNA-Leu gene was amplified using the standard PCR technique. The amplification conditions consisted of a 5 min denaturation at 94°C, followed by 35 cycles of 94°C for 1 min, 52°C for 1 min and 20 s and 64°C for 2 min, with a final extension at 64°C for 10 min. PCR products were cleaned out of non-specific fragments, primers and enzymes using the PureLink™ Quick Gel Extraction Kit (Invitrogen™, Carlsbad, CA, USA). The amplicons were linked into the pGEM-T Vector (Promega™, Madison, WI, USA), and transformed into Escherichia coli cells DH5α (Inoue et al. 1990 ) by heat shock. The recombinant plasmids were recovered with the Miniprep kit (Invitrogen™, Carlsbad, CA, USA) and the target fragment was sequenced using the DYEnamic ET Dye Terminator Cycle Sequencing kit (GE Healthcare, Freiburg, Germany) with the pUC/M13 (Forward and Reverse) primers. Sequencing was performed using an automated sequencing machine (MegaBACE™500, GE healthcare).
Sequence evaluation and alignment
The resulting chromatograms were evaluated and edited with the program Consed (Gordon et al. 1998 ). The edited sequences were translated to their putative amino acid sequences and aligned using ClustalW (Thompson et al. 1994 ). The alignment was corrected manually using the program Mega 5.0 (Tamura et al. 2011) , and returned to the nucleotide sequences, which were used in further phylogenetic analyses.
Phylogenetic data analyses
To determine how common numts are within Melipona, we searched GenBank for the final COI portion in other species of this genus. Table I shows the species names and accession numbers in GenBank. Two sequences, from Melipona rufiventris Lepeletier, 1836 (EU163147) and Melipona fuscopilosa Moure and Kerr, 1950 (EU163136) were identified as COI-like sequences. These species belong to the subgenus Michmelia Moure, 1975 (see Camargo and Pedro 2008, for review) , which is the same subgenus as M. capixaba. We therefore decided to include sequences of six individuals of Melipona scutellaris Latreille, 1811, another species of this same subgenus available in our laboratory. Phylogenetic relationships among the final portion of the COI were estimated using Bayesian Inference (Yang and Rannala 1997) with MrBayes 3.1 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . The program MrModelTest (Nylander 2004 ) was used to identify the best substitution model for the fragment. Fifteen million generations of Monte Carlo Markov chains with a sampling frequency of 1,000 were run in a Bayesian approach to generate a majority rule consensus tree. The frequencies of the observed bipartitions (i.e., posterior probabilities) that were higher than 50% were shown next to internal branches of the tree. Nuclear mitochondrial DNA in stingless bees Table I . Melipona sequences used in this study and their accession numbers in GenBank.
Melipona spp.
GenBank accession number
Sequence comparisons

Putative codon position
Given that coding sequences evolve under different selective constraints than non-coding sequences (e.g., numts), we expect that mitochondrial coding sequences present different substitution rates among the three codon positions, which did not happen with non-coding sequences. Thus, we classified our sequences into mitochondrial sequences (overall Melipona sequences) and putative numts found in M. capixaba and M. scutellaris, put all these sequences in their putative reading frames and calculated the overall p-distances, as well as the p-distances regarding the first, second and third putative codon positions using the program MEGA 5.0 (Tamura et al. 2011 ).
Specific sites comparison
Based on the alignment of all sequences (mitochondrial and nuclear) and the phylogenetic hypothesis derived from this alignment, we have identified some sites that could highlight differences between mts (mitochondrial sequences) and numts. For this, we compared the two mts of M. capixaba (JN315063 and JN315064) with the 72 putative numts (sequences with premature stop codons within their putative aminoacid sequences and indels of 1 and 2 bp, JN315065-JN315136). To include a given site in this comparison, this site (1) must be reciprocal identical in M. capixaba mts and different from most putative numts (more than 60 of the 72 numts); and (2) must be identical to most other Melipona mitochondrial sequences. We used the same procedure for the three 
Nuclear mitochondrial DNA in stingless bees mts (JN315137-JN315139) and putative numts (JN315140-JN315142) of M. scutellaris, as well as the three mts of M. rufiventris (EU163132, EU163149, and EU163151) and the unique COI-like sequence of this species (EU163147), all of which are available in GenBank. After choosing the nucleotide sites to be compared, we also included the COI-like sequence of M. fuscopilosa (EU163136), the Melipona nebulosa Camargo, 1988 (EU163146) sequence (which grouped with the clade containing the numt sequences-see Figure 2 ) and the M. scutellaris sequence obtained in GenBank (EU163152, which did not cluster with other M. scutellaris mitochondrial sequences, Figure 2 ).
RESULTS
Sequence alignment
The complete alignment of 74 sequences of M. capixaba, six sequences of M. scutellaris, and 43 sequences of other Melipona species, with 11 outgroup species, consists of 688 base pairs, 364 of which are variable. From these 124 sequences, 79 (72 M. capixaba, three M. scutellaris, one M. rufiventris, and one M. fuscopilosa) presented at least one evidence of numts.
Our alignment revealed a transversion (C-A) at position 2,766 (based on the complete Figure 2 . Bayesian phylogenetic consensus tree of 688 bp of the COI and COI-like sequences of the genus Melipona, summarized in Table I . The values alongside ancestral nodes correspond to the posterior probabilities (majority rule consensus values) of each node. Asterisks mean P.P. = 100%. Putative numt sequence names are written in bold. Black triangles represent monophyletic groups. The upper triangle contains 72 sequences of M. capixaba and three of M. scutellaris. The lower triangle contains 11 outgroups sequences. The complete tree is shown in Supplemental Material Fig. S1 . The subgenus containing the majority of species in each group is identified in the interior node corresponding to their most recent common ancestor in the tree. The exceptions are represented by superscript numbers: subgenus Eomelipona (1) and subgenus Melipona (2). mitochondrial genome of M. bicolor Lepeletier, 1836) in several M. rufiventris (EU163147), M. scutellaris, and M. capixaba sequences. This transversion induced a stop codon in the COIlike sequence of each of these species, except for specimen JN315123 of M. capixaba. Figure 2 shows the Bayesian consensus tree. All sequences of the genus Melipona were grouped monophyletically. However, considering its division into subgenera, several species were misplaced in our phylogenetic tree. For example, the members of the subgenus Eomelipona Moure, 1992 were scattered in the subgenera Michmelia (Melipona ogilviei Schwarz, 1932) and Melikerria Moure, 1992 (Melipona favosa Fabricius, 1798, Melipona amazonica Schulz, 1905, Melipona marginata Lepeletier, 1836 and M. bicolor). In addition, the three species of the subgenus Melipona appeared within Melikerria, in two different groups: Melipona mandacaia Smith, 1863 and Melipona quadrifasciata Lepeletier, 1836 grouped with Melipona asilvai Moure, 1971 (Eomelipona) (P.P.=1.0), while M. favosa grouped with nine Melikerria species (P.P.=1.0).
Phylogenetic analysis
Our numt sequences of M. capixaba and M. scutellaris, as well as the COI-like sequences of M. fuscopilosa and M. rufiventris, were placed within the Michmelia clade in two separate groups. The first group included the putative numts of M. capixaba, M. scutellaris, the COIlike sequence of M. rufiventris and the unique sequence of M. nebulosa with 100% Bayesian posterior probability. The COI-like sequence of M. fuscopilosa (another presumed numt), was placed in the second group, with putative mitochondrial sequences (P.P.=100%).
Sequence comparisons
Comparison of specific sites
Using the criteria established in Section 2.4.2 of Section 2, we compared a total of 19 alignment sites (Table II) , 11 of which are on the first or second putative codon positions.
Most of these 19 sites show no variation among mitochondrial fragments of the 41 Melipona species included in this study, except for sites 2,359 (third codon position), 2,444 (first), and 2,563 (third), each of which contained one exception; site 2,479 (third) with three exceptions; and site 2,512 (third) with five exceptions.
Among the numt fragments, M. capixaba and M. scutellaris share 19 sites, 13 of which were also shared by M. nebulosa and seven of the 19 were shared by M. rufiventris. M. fuscopilosa, on the other hand, shares all the 19 sites with most the mt sequences of other Melipona species.
Putative codon position
The p-distance regarding the codon position among species (Figure 3) revealed that the Melipona putative mitochondrial sequences presented the expected pattern of most substitutions found in the third position, followed by the first position and then for the second position. However, the putative numt sequences of M. capixaba and M. scutellaris revealed no significant differences among the codon positions.
DISCUSSION
The initial goal of this work, to study the genetic variability in M. capixaba using a complete COI sequence, failed due to several inconsistencies in our results, which led us to hypothesize the existence of numts within M. capixaba. Thus, we searched for some analytical evidences of numts in M. capixaba and used a phylogenetic approach to infer how common numts are within Melipona, and their potential effects on phylogenetic studies. Our results add to the list of Hymenoptera species with mitochondrial-like sequences in their nuclear genomes, which already includes honeybees (Behura 2007; Pamilo et al. 2007 ) and ants (Martins et al. 2007; Beckenbach 2009 ).
The first evidence of numts was the lack of overlapping in the final and initial portions of Nuclear mitochondrial DNA in stingless bees COI in 72 of our 74 sequences, which was confirmed by the different phylogenies based on these separated portions (data not shown), which showed two distinct fragments rather than complementary fragments. Berthier et al. (2011) reviewed a list of procedures to avoid the amplification of numts, and one of their recommendations is to use the long-PCR technique (see Bensasson et al. 2001) , which could prevent numt amplification but also prevent numt detection.
The second evidence of numt fragment amplification came from the translation of the putative amino acid sequences, which revealed premature putative stop codons, as well as 1-2 bp indels in most sequences of the final portion of the COI (Figure 1 ). Third, we found no significant substitution rates differences among the "codon positions" of the putative numt sequences, which would be expected within coding sequences. Based on our results, we have summarized a checklist to detect the most conspicuous numt sequences in Figure 4 .
The accidental amplification of the COI-like numt sequence in most sequences of M.
capixaba and M. scutellaris with primers COX2-COX4 (Figure 1 ) may be due to preferential amplification of these sequences. If their genomes show abundant mitochondriallike sequences, numts sequences will be amplified in higher proportion than mitochondrial sequences in the PCR reaction (Bensasson et al. 2001; Buhay 2009 ). In many organisms that have numts in their nuclear genomes, mitochondrial-like sequences represent more than 50% of the PCR amplificons (Bensasson et al. 2001) . Moreover, primers tend to become more specific to numt sequences than mitochondrial sequences due to the mitochondrial genome's higher rate of evolution compared to nuclear sequences (Bensasson et al. 2001; Beckenbach 2009 ).
To investigate the incidence of numts within Melipona, we performed a phylogenetic analysis which included our complete set of the final portion of the COI sequences, in addition to these sequences of all Melipona deposited in GenBank. We found that most conspicuous numt sequences (M. capixaba, M. scutellaris, and M. rufiventris) group with M. nebulosa (EU163146) with high statistical support Table II . Alignment of the 19 sites which differentiate some putative numts from mitochondrial sequences of M. capixaba (72 numts and 2 mts), M. scutellaris (3 numts and 3 mts), and/or M. rufiventris (1 numt and 1 mt). These sites were also evaluated for putative mts of 38 Melipona species, as well as putative numts of M. nebulosa and M. fuscopilosa. The GenBank accession numbers of each sequence are shown in Table I . Capital letters represent the nucleotides found in all or most specimens in a particular site, while lowercase letters represent nucleotides found in one or very few individuals.
( Figure 2 ). We inferred that the sequences of at least three of the four species descended from a unique event of mitochondria to nucleus sequence migration, prior to their diversification. In the 19 nucleotide sites selected to highlight the differences between putative numts and mts, we found that M. nebulosa shares more sites (13) with numts of M. capixaba and M. scutellaris than M. rufiventris, which shares only seven sites with these two species. This suggests that the sequence of M. nebulosa is also a numt, regardless of the absence of other numt evidences, which would require further sequencing for confirmation.
On the other hand, the M. fuscopilosa COIlike sequence shares no substitutions with any other putative numt sequence (Table II) . Indeed, it shares the 19 loci with mts of most Melipona species. This could be explained by a two-part amplification of the COI, but contrary to what we found in M. capixaba and M. scutellaris numt sequences, the initial portion (which contains a stop codon) would have been amplified from the nucleus and the final portion from the mitochondria. However, in addition to the M. fuscopilosa COI-like sequence, this cluster contains a single sequence of M. rufiventris (EU163132) and two sequences of Melipona aff. crinita Moure and Kerr, 1950 (EU163133 and EU163164) in separated positions. This suggests that at least one of the two sequences of M. aff. crinita and M. rufiventris sequences should be numts, even though they show no other numt evidences. These potential numts were inferred by the presence of more than one sequence of each species within the phylogeny. Therefore, our data show that the use of a single sequence per species may not be sufficient to obtain good phylogenetic hypotheses.
Moreover, the misplacement of several species among the subgenera suggests that regardless the lack of conspicuous numts evidence in most of them (Figure 4) , it is possible that there are more numts within Melipona than we were able to detect, since not all numts present explicit signals such as indels or premature stop codons (Berthier et al. 2011) . However, these misplacements may also be due to classification problems within the genus Melipona, and this possibility needs to be evaluated in future works of the taxonomy of this genus.
Therefore, we suggest that in their future works, the researchers working with phylogenetic and phylogeographic hypothesis of species within Melipona, and possibly other Hymenoptera, take the possibility of numts when interpreting and publishing their results. This is because the amplification of an accidental numt may violate the basic assumption of phylogenetic and phylogeographical analysis, which must be based on the comparison of orthologous sequences.
Based on our results, we suggest an initial check for the most conspicuous numts (Figure 4) , Figure 3 . First, second, third, and overall p-distances calculated using alignments including (A) mitochondrial sequences of Melipona species; (B) M. capixaba putative numt sequences, and (C) M. scutellaris putative numt sequences.
Nuclear mitochondrial DNA in stingless bees which unfortunately does not ensure that all numts will be identified. A complementary strategy to avoid numts is the inclusion of at least two different sequences per species in phylogenetic studies, preferably generated with different primer pairs, as well as multiple clones from each individual in phylogeographic studies to minimize the consequences of numts. In studies involving molecular identification via mitochondrial barcoding, the consequences could be even worse (Song et al. 2008; Casiraghi et al. 2010; Moulton et al. 2010) , and extra care must be taken to properly identify species.
